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The advent of high-brilliance synchrotron radiation sources has opened new avenues for X-ray
polarization analysis that go far beyond conventional polarimetry in the optical domain. With
linear X-ray polarizers in a crossed setting remarkable polarization extinction ratios down to 10−10
can be achieved. This renders the method sensitive to probe tiniest optical anisotropies that would
occur, for example, in strong-field QED due to vacuum birefringence and dichroism. Here we show
that high-purity polarimetry can be employed to reveal electronic anisotropies in condensed matter
systems with utmost sensitivity and spectral resolution. Taking CuO and La2CuO4 as benchmark
systems, we present a full characterization of the polarization changes across the Cu K-absorption
edge and their separation into dichroic and birefringent contributions, supported by calculations
via an ab-initio quantum code. Our results not only pave the way for the precision detection
of symmetry breaking interactions in correlated materials. At the upcoming diffraction-limited
synchrotron radiation sources and X-ray lasers, where polarization extinction ratios of 10−12 can
be achieved, our method has the potential to assess birefringence and dichroism of the quantum
vacuum in fundamental studies of extreme electromagnetic fields.
Symmetries in nature are closely related to the funda-
mental structure of atoms, molecules and solids [1]. Sym-
metry breaking interactions in condensed matter, for
example, form the fundamental basis for macroscopic
quantum effects like magnetism, superconductivity, giant
magnetoresistance, multiferroicity, and others, rendering
the optical properties of such materials anisotropic. Ac-
cess to symmetries and anisotropies of matter has been
provided for centuries by optical effects like dichroism
and birefringence [2], in particular by studying how the
optical properties of matter depend on the polarization
of light and how the polarization of light is affected
by the interaction with matter. In recent decades, the
use of highly brilliant X-rays from synchrotron radiation
sources has provided access to the microscopic origins of
magnetic and electronic anisotropies. This is facilitated,
amongst others, via a suite of dichroic X-ray absorption
spectroscopies in which the polarization dependence of X-
ray absorption in the vicinity of atomic inner-shell tran-
sitions is monitored [3–7].
Polarization changes of X-rays in the interaction with
matter occur not only due to absorptive but also through
dispersive effects, leading to dichroism and birefringence,
respectively. In the case of linearly polarized X-rays,
dichroism causes a rotation of the polarization vector due
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to an anisotropic absorption cross-section of the sample.
X-ray birefringence results from different propagation ve-
locities of two orthogonal polarization components, which
leads to a phase shift between those and induces an el-
lipticity of the light. Both effects constitute sensitive
probes for fundamental aspects of the light-matter in-
teraction: In condensed matter physics, the spectral de-
pendencies of X-ray dichroism and birefringence depict
a very sensitive fingerprint of the electronic structure
of the material. For example, tiny optical anisotropies
emerging in the vicinity of phase transitions could reveal
precursor mechanisms for structural transformations and
electronic ordering in materials [8–10]. In quantum elec-
trodynamics (QED) of extremely strong electromagnetic
fields it is predicted that even the vacuum becomes op-
tically anisotropic [11–14]. The resulting birefringence
and dichroism could be sensitively probed by polariza-
tion analysis of hard X-rays after interaction with ul-
traintense light fields [15–17]. This would be a first test
of nonlinear QED since the first considerations on this
subject by Euler and Heisenberg in 1936 [18]. It is thus
obvious that the precise detection of dichroic and bire-
fringent polarization changes of scattered X-ray radiation
would provide fundamental insights into condensed mat-
ter physics and QED effects alike. Motivated by these
perspectives, very efficient high-purity polarimeters for
hard X-rays have been developed with extinction ratios
of of up to 10−10 [19, 20]. They are based on two crossed
linear Bragg polarizers between which the X-ray optical
activity takes place [21–31].
In this Letter we show that these polarimeters with their
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2Figure 1. a) The sample was mounted on a Eulerian cra-
dle with the b-axis parallel to the linearly polarized beam
(σ−polarization in the horizontal plane). An avalanche pho-
todiode behind the X-ray analyzer in crossed position to the
polarizer detected the σ − pi scattered photons. Simultane-
ously ionization chambers (IC) measured the transmitted in-
tensity through the sample. b) Enlarged view of the sample
as seen from the direction of the incoming beam.
high energy resolution and excellent polarization purity
allow to disentangle dichroism and birefringence with ut-
most sensitivity, consolidating the research field of spec-
troscopic polarimetry. We showcase the potential of this
analysis technique by presenting a full characterization
of the polarization changes across an atomic absorption
edge and their separation into dichroic and birefringent
contributions. As benchmark systems for correlated ma-
terials and parent compounds for cuprate superconduc-
tors, two materials have been chosen, CuO and La2CuO4.
We are probing the pronounced electronic anisotropies in
these cuprate compounds that result from the particular
symmetry of the Cu atom and its hybridizations with
the surrounding orbitals in the near-edge region of the
Cu K-absorption edge.
The experiments were performed at the synchrotron ra-
diation source PETRA III (DESY, Hamburg) with the
setup shown in Fig. 1a. A Si(111) heat-load monochro-
mator selected a 1-eV wide energy band out of the in-
cident radiation. The sample was located between two
monolithic Si(440) channel-cut crystals, acting as highly
efficient linear polarizers due to multiple reflections under
the near-45◦ Bragg angle for the X-ray energy of the Cu
K-edge. In a 90◦ crossed setting, these two crystals form
a polarimeter consisting of polarizer and analyzer [23],
providing polarization extinction ratios of up to 10−10
[19] or better [32], which is way superior to what is pos-
sible in the regime of optical wavelengths. Any X-ray
optical activity occuring between polarizer and analyzer
converts a fraction of the highly pure σ−polarization in-
cident on the sample into the orthogonal pi−polarization
that is then very efficiently transmitted by the ana-
lyzer and detected by an avalanche photodiode in single-
photon counting mode. For precision angular adjustment
relative to the incident beam, the sample was mounted on
an Eulerian cradle, providing angular degrees of freedom
along ϕ and χ.
The energy resolution of the X-ray polarimeter is deter-
mined by the Darwin width of the Si(440) polarizer and
analyzer rocking curves which translates into an energy
bandpass of 62 meV, thus allowing for the detection of
very sharp spectral features. For scanning the polarime-
ter over the energy range of the Cu K-absorption edge
with a constantly high polarization purity, the Bragg an-
gles of polarizer and analyzer crystals have to be var-
ied simultaneously with the Bragg angle of the Si(111)
monochromator. According to the Bragg condition, the
Bragg angle on the Si(440) plane has to be varied in an
angular range from θB = 45.78
◦ to θB = 46.06◦ to cover
the energy range from 8970 eV to 9010 eV. In this en-
ergy range we achieved a polarization purity better than
1.3 ·10−8, which was measured at 8970 eV and lies within
the range between 1 · 10−7 and 5 · 10−9 that is predicted
by the dynamical theory of X-ray diffraction.
To accurately determine the intensity of the σ → pi scat-
tered photons for a given polarimeter energy and angular
setting (ϕ, χ) of the sample (see Fig.1), the maximum of
the rocking curve of the analyzer Bragg angle at each set-
ting was taken. Fig. 2 shows the measured spectra of the
σ → pi scattered photons for both crystals in the setting
ϕ = 0 as a function of the angle χ. By comparison with
the conventional XANES spectra (see supplemental ma-
terial [33] and the grey lines in Figs. 2e,j), one observes
that in case of CuO, the σ → pi scattering is maximal
at the position of the pre-edge peak at 8984 eV, while in
case of La2CuO4 this maximum occurs at the inflection
point of the absorption edge at 8994 eV. These energy
dependencies can be related to the Cu orbital configu-
ration in the respective compound as will be discussed
later.
The dependence of X-ray dichroism and X-ray birefrin-
gence on the photon polarization and the sample orienta-
tion is ruled by the point group of the crystal [34]. This
is explained in detail in the supplemental material [33].
According to these considerations we chose the orienta-
tion ϕ = 0 for both sample materials, which corresponds
to the electric field vector lying in the a-c-plane. This
allows to detect the full anisotropy of the electric dipole
absorption cross-section σD. Accordingly, the crystals
were shaped into (010) - orientated slabs controlled by
the Laue method with an accuracy of ≤ 0.3◦. Subse-
quently they were gently polished to 33µm (CuO) and
23.5µm (La2CuO4) thin disks. The thickness of the sam-
ples was determined by transmission measurements and
comparison to Henke data [35]. Finally, the adjustment
of the crystal axes within the a-c plane was confirmed
again by the Laue method.
For a description of the optical activity of these samples,
i.e., the σ → pi scattering, we use the complex linear
absorption coefficient [36, 37]
µ = µ′ + iµ′′ =
(
µσσ µσpi
µpiσ µpipi
)
, µxx ∈ C, (1)
The real part µ′ is responsible for dichroism, whereas the
3Figure 2. Intensity of the σ → pi scattered photons of CuO (top) and La2CuO4 (bottom) normalized to the incident intensity I0
on the sample for different angles χ between the crystal a-axis and the electric field vector. X-ray birefringence and dichroism
were simulated by neglecting the anisotropic part of the real or imaginary part of the complex linear absorption coefficient µ,
respectively. The red line in a) to d) and f) to i) marks the χ-position of the line out shown in e) and j), respectively. The
corresponding XANES spectra are indicated in grey in e) and j).
imaginary part µ′′ is related to birefringence.
In order to determine µ for the spectral region of the
Cu K-edge of our samples, ab initio calculations were
performed with the FDMNES code following the local
density approximation [38]. The relativistic full poten-
tial approach was used, including spin-orbit interaction.
Self-consistent electronic structures around the absorbing
atom were calculated in a cluster with a radius of up to
6 A˚. The code includes all calculation steps of the polar-
ization changes in a material up to the final transmitted
intensity after the analyzer.
For the calculation of polarization changes in the pres-
ence of a complex linear absorption coefficient, the Jones
matrix formalism is used. The derivation is given in de-
tail in the supplemental material [33]. Consequently, the
pi − polarized X-ray intensity after the sample normal-
ized to the impinging σ − polarized X-ray intensity on
the sample, Iσpi, is given by
Iσpi =e
− 12 (µ′σσ+µ′pipi)l | sinh (τ l) |2
8|τ |2 ×
| (µpipi − µσσ) sin 2χ− 2µσpi cos 2χ|2,
(2)
where µσpi = µpiσ for centrosymmetric crystals, τ =
1
4
√
(µpipi − µσσ)2 + 4µσpiµpiσ [37, 39]. l is the thickness
of the sample.
Based on this theoretical background, we will now dis-
cuss the influence of the symmetry of the complex linear
absorption coefficient µ on the measured σ → pi scattered
intensity Iσpi. According to equation (2), the following
behavior is expected: If the non-diagonal tensor elements
µpiσ are zero, Iσpi is maximal at χ = ±45◦ for all ener-
gies, since Iσpi is then proportional to sin
2 2χ. If the
non-diagonal tensor elements µpiσ are non-zero, the max-
ima of Iσpi as a function of χ depend on the components
of µ and thus are energy-dependent.
Both symmetry cases of the complex linear absorption co-
efficient µ were experimentally verified by investigating
the two samples La2CuO4 (µpiσ = 0) and CuO (µpiσ 6= 0),
as shown in Fig. 2. In agreement with the theory, all spec-
tral features of La2CuO4 have the same angular depen-
dence for which Iσpi is maximum at χ = ±45◦, whereas
for CuO, there is an energy-dependent shift in χ for
Iσpi due to the nonzero µpiσ. Furthermore, Iσpi has a
χ− periodicity of pi/2 for both crystals, which can easily
be explained by their centrosymmetry. The theoretical
simulation is in very good qualitative agreement with the
experimental data. This is further exemplified by line
cuts at selected χ angles shown in Figs. 2e, j. While the
agreement in case of CuO is excellent, the deviation in
the peak intensity for La2CuO4 might be due to a devi-
ation of the crystal thickness from the nominal value.
The theoretical description also allows to calculate the
spectra of the σ → pi transmission separately for X-ray
dichroism and X-ray birefringence. This can be achieved
by neglecting the anisotropic part of either the real part
or the imaginary part of µ, respectively, which is illus-
trated in Figs. 2c and 2d for CuO and Figs. 2h and 2i for
La2CuO4. It turns out that the total σ → pi scattered
intensity Iσpi is the linear superposition of the σ → pi
scattered intensities due to X-ray dichroism and birefrin-
gence.
To verify this disentanglement of dichroism and bire-
fringence experimentally, we have performed conven-
tional X-ray linear dichroism measurements by tak-
ing XANES spectra for two orthogonal sample orien-
4Figure 3. Experimentally disentangling dichroism and bire-
fringence. a) The transmission (= 1 − absorption) through
the sample at two orthogonal sample orientations χ ± pi
4
is
used to calculate the scattered intensity due to X-ray dichro-
ism, IDσpi(χ), which can be subtracted from the total Iσpi(χ)
to obtain the σ → pi scattered intensity due to birefringence,
IBσpi(χ), shown in b).c) Simulation with FDMNES. The dashed
grey line marks the position of the Cu K-edge (8978.9 eV) ac-
cording to Henke data [35].
tations. This is shown in Fig. 3a. For the calculation
of the σ → pi scattered intensity due to X-ray dichro-
ism measured at the sample orientation χ, IDσpi(χ) =
1
2 sin
2
[
pi
4 − arctan
(√
T+
T−
)]
· (T+ + T−), the transmis-
sion through the sample, T± = T (χ ± pi4 ), measured
at the sample orientations χ ± pi4 is needed. This for-
mula can be derived very easily by vector superposi-
tion and is explained in the supplemental material [33].
The σ → pi scattered intensity due to X-ray birefrin-
gence can now the separated by a simple subtraction
IBσpi(χ) = Iσpi(χ) − IDσpi(χ), which is plotted for χ = 80◦
in Fig. 3b and is excellent agreement with the simulated
data shown in Fig. 3c.
The polarization changes due to dichroism and birefrin-
gence can be attributed to specific projections of the den-
sity of states on the absorbing atoms. In case of inves-
tigating a (010) - oriented sample with an X-ray beam
Figure 4. Intensity behind the analyzer in crossed position for
χ = 0◦ between the a-axis of the CuO crystal and the electric
field vector of the beam. To demonstrate the reproducibility
of the measurement, the data for χ = 90◦ are also shown,
which is in good agreement for the simulation over many or-
ders of magnitude. The dashed grey line marks the position
of the Cu K-edge (8978.9 eV) according to Henke data [35].
parallel to the crystal b−axis, the density of states δ(px),
δ(pz), δ(dxy) and δ(dyz) of the orbitals px, pz, dxy and dyz
are involved, where z is choosen along the c− axis of the
crystal. Iσpi is related to the difference between the den-
sity of states δ(px)− δ(pz) and δ(dxy)− δ(dyz). It turned
out that IDσpi is maximal, when δ(px)− δ(pz) is maximal,
while IBσpi is maximal for energies where δ(px) ≈ δ(pz).
This is illustrated in the supplemental material [33].
The analysis of Iσpi has considerable advantages over con-
ventional X-ray absorption measurements such as X-ray
natural linear dichroism (XNLD): It is essentially back-
ground free and allows to monitor X-ray optical activ-
ity over a dynamic range of several orders of magnitude.
Fig. 4 shows the σ → pi transmission of the CuO sample
for χ = 0◦ and χ = 90◦. This measurement not only
proves the 90◦ periodicity of the anisotropy in this sam-
ple, but also highlights the excellent agreement with the
theoretical simulation over almost four orders of mag-
nitude. An energy scan that was performed without a
sample in the beam illustrates the very low background
level of the polarimenter. Thus, a dynamical range of
six orders of magnitude and essentially background-free
measurements enable unprecedented sensitivity to detect
optical activity in the energy range of the Cu K-edge from
8970 eV to 9010 eV.
In conclusion, this Letter reports the first comprehensive
experimental and theoretical investigation of X-ray bire-
fringence and dichroism at the Cu K-edge for two differ-
ent crystal systems. By measuring the X-ray dichroism
5conventionally, the imaginary part of the complex lin-
ear absorption coefficient can be determined. The real
part, which corresponds to X-ray birefringence, can be
determined by subtracting the measured dichroism spec-
tra from the σ → pi scattered photon spectra. This is es-
pecially interesting for the determination of optical con-
stants of materials that cannot be treated via ab initio
calculations. Examples are materials that contain im-
purities like those that have been modified by ion im-
plantation or doping, and those very strongly correlated
systems, for which no suitable theoretical approach is
currently capable of simulating their properties.
This method has several advantages over conventional
methods for the detection of dichroism, such as XNLD,
and can answer questions of fundamental importance. It
can avoid the problem of integrating via a finitely mea-
sured absorption cross-section using the Kramers-Kronig
relation in order to obtain the real part of the refractive
index, which is the conventional approach. High polar-
ization sensitivity is particularly suitable for observing
small anisotropies as early indicators of phase transitions
during or even long before reaching critical parameters.
This new approach is especially interesting for investigat-
ing very weak anisotropies of quadrupolar or octopolar
transitions in the pre-edge region like they were recently
detected in Gd3Ga5O12 at the Gd L1-absorption edge
[40]. In contrast to XNLD, this method does not require
spectra of orthogonal orientations to be subtracted from
each other. Instead, the measurement of anisotropies
with a high angular resolution is directly and quickly
accessible. This enables single-shot measurements for
time-resolved investigations of certain spectral features
in a pump-probe setting, for example. Furthermore, in
analogy to an optical polarization microscope, it is also
possible to image X-ray polarization anisotropies with
very high spatial resolution.
Disentangling dichroism and birefringence with high sen-
sitivity will also play a pivotal role in future experiments
on probing QED in extreme electromagnetic fields with
polarized X-rays. The experiments proposed so far [12–
17] aim at the detection of the birefringence of the vac-
uum. A dichroic contribution to the signal would imply
a correction to QED. It would, therefore, be a direct hint
for the existence of particles beyond the standard model
such as millicharged or axion-like particles [41, 42].
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SUPPLEMENTAL MATERIAL
A. Angular dependence of the X-ray absorption cross-section σ
The samples in this experiment belong to two different point groups:
• monoclinic CuO with point group C2h(2/m) and space group C2/c
(a = 4.6837 A˚, b = 3.4226 A˚, c = 5.1288 A˚, and β = 99.54◦ [1]) and
• orthorhombic La2CuO4 with point group D2h(mmm) and space group Bmab
(a = 5.352 A˚, b = 5.400 A˚, c = 13.157 A˚, and β = 90◦ [2]).
Both materials show trichroism, which means that all eigenvalues of the absorption cross-section tensor σD are
different. The electronic transitions of CuO and La2CuO4 with the main absorption edge at approximately 8994 eV
are mainly of electric dipole origin. The electric dipole absorption cross-section is given by
σD(ˆ) = σD(0, 0)−
√
8pi
5
2∑
m=−2
Y m∗2 (ˆ) σ
D(2,m) (1)
which depends (a) on the polarization vector ˆ and the sample orientation relative to the photon wavevector through
the spherical harmonics Y ml and (b) on the point group of the crystal and the photon energy through the tensor
σD of the dipole absorption cross-section, with the complex tensor components σD(l,m) [3], where m and l are the
angular momentum quantum numbers. σD(0, 0) is the isotropic part of the electric dipole absorption cross-section
which is independent of the polarization. The polarization vector ˆ = [sin(χ− β) cosϕ, sin(χ− β) sinϕ, cos(χ− β)]
is chosen in accordance with the experimental setup where χ represents the angle between the a-axis of the crystal
and the electric field vector of the synchrotron beam as shown in Fig. 1b. For χ = 0◦, the electric field vector is
parallel to the a-axis. β is the base angle of the crystal lattice which is 6= 90◦ for the oblique lattice of monoclinic CuO.
In the case of CuO with point group C2h(2/m), where σ
D(2, 1) = σD(2,−1) = 0, the electric dipole absorption
cross-section is given by
σD(ˆ) =σD(0, 0)−
√
3 sin2(χ− β)[cos 2ϕRe{σD(2, 2)}+ sin 2ϕ Im{σD(2, 2)}]
− 1√
2
[
3 cos2(χ− β)− 1]σD(2, 0). (2)
For La2CuO4 with point group D2h(mmm), where σ
D(2, 1) = σD(2,−1) = 0 and σD(2, 2) = σD(2,−2), σD(ˆ) is
simplified to
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2σD(ˆ) = σD(0, 0)−
√
3 sin2(χ− β) cos 2ϕRe{σD(2, 2)} − 1√
2
[
3 cos2(χ− β)− 1]σD(2, 0). (3)
B. Theoretical description of σ − pi scattered intensity
We use the (2×2) Jones Matrix defined in a (σ, pi) basis, σ horizontal, pi vertical, and the wave vector k perpendicular
to this basis.
1. Transmittance matrix
We use the transmittance matrix under the σ − pi basis where σ and pi are 2 directions perpendicular to the wave
vector. We note µ the complex linear absorption coefficient. Following Lovesey and Collins [4], after a distance l, the
transmittance matrix is given by:
T (l) = e−
1
4 (µσσ+µpipi)l
(
cosh(τ l) + µpipi−µσσ4τ sinh (τ l) −µσpi2τ sinh (τ l)
−µpiσ2τ sinh (τ l) cosh (τ l) + µσσ−µpipi4τ sinh (τ l)
)
(4)
with τ =
1
4
√
(µpipi − µσσ)2 + 4µσpiµpiσ = 1
4
(µpipi − µσσ)
√
1 +
4µσpiµpiσ
(µpipi − µσσ)2
2. Polarization matrix
In the following we also use the Jones matrix for the polarization:
P =
1
2
(
1 + S1 S2 − iS3
S2 + iS3 1− S1
)
. (5)
When rotating the sample by an angle χ the linear polarization gets an angle −χ versus its σ direction. Thus one
has:
S1 = cos 2χ, S2 = − sin 2χ, S3 = 0 (6)
P =
1
2
(
1 + cos 2χ − sin 2χ
− sin 2χ 1− cos 2χ
)
=
(
cos2 χ − sinχ cosχ
− sinχ cosχ sin2 χ
)
. (7)
3. Analyzer matrix
The analyzer matrix (or polarizer after the sample) is given versus its rotation angle, η, and its Bragg angle, θ, by:
A =
(
cos η − sin η
cos 2θ sin η cos 2θ cos η
)
. (8)
For a perfect analyzer crystal cos 2θ = 0. For the polarization flip by 90◦, one then obtains:
A =
(
cos
(−pi2 + χ) − sin (−pi2 + χ)
0 0
)
=
(
sinχ cosχ
0 0
)
. (9)
34. Transmitted intensity
After the path through the sample, the intensity is given by
I = Tr
(
ATPT †A†
)
= | sinχ cosχ(Tσσ − Tpipi) + cos2 χTpiσ − sin2 χTσpi|2 (10)
Non-diagonal non-magnetic case Tσpi = Tpiσ:
I = | sinχ cosχ(Tσσ − Tpipi) + cos 2χTpiσ|2 (11)
(
Tσσ Tσpi
Tpiσ Tpipi
)
= e−
1
4 (µσσ+µpipi)l
(
cosh(τ l) + µpipi−µσσ4τ sinh(τ l) −µσpi2τ sinh(τ l)
−µpiσ2τ sinh(τ l) cosh(τ l) + µσσ−µpipi4τ sinh(τ l)
)
, (12)
I =e−
1
2 (µ
′
σσ+µ
′
pipi)l| sinχ cosχ
(
µpipi − µσσ
2τ
sinh(τ l)
)
− cos 2χµσpi
2τ
sinh(τ l)|2
=e−
1
2 (µ
′
σσ+µ
′
pipi)l | sinh(τ l)|2
8|τ |2 |(µpipi − µσσ) sin 2χ− 2µσpi cos 2χ|
2
(13)
with
τ =
1
4
√
(µpipi − µσσ)2 + 4µσpiµpiσ (14)
4C. Derivation of the relation between complex linear absorption coefficient, complex refractive index and
complex atomic scattering factor
A plane wave described by
E(z, t) = E0e
i(kz−ωt) (15)
passes through a medium with complex refractive index n = 1− δ + iβ = c·kω :
E(z, t) = E0e
i[ωc (1−δ+iβ)z−ωt] (16)
= E0e
iω( zc−t) · e− 2piλ (iδ+β)z. (17)
By introducing the complex linear absorption coefficient µ = µ′ + iµ′′, following S.P. Collins et al. [5], the expression
can be written as
E(z, t) = E˜0 · e−µ z2 (18)
with the vacuum propagation E˜0 = E0e
iω( zc−t). This leads to the BeerLambert law for the intensity I = |E|2:
I = I0e
−µ′z. (19)
A comparison of eq. 17 and eq. 18 shows that the complex linear absorption coefficient µ = µ′ + iµ′′ is connected to
the refractive index n = 1− δ + iβ via
µ′ =
4pi
λ
β and (20)
µ′′ =
4pi
λ
δ. (21)
Since the complex refractive index n can also be expressed by using the complex atomic scattering factor f = f ′− if ′′,
n = 1− nareλ
2
2pi
(f ′ − if ′′) = 1− δ + iβ, (22)
where na is the atomic density and re is the classical electron radius, there is also a relation between the complex
linear absorption coefficient and the complex atomic scattering factor:
µ′ = 2nareλf ′′ (23)
µ′′ = 2nareλf ′. (24)
5D. X-ray absorption near edge structure of CuO and La2CuO4
The absorption cross-section was simulated for CuO (Fig. 1a) and La2CuO4 (Fig. 1c) with the ab-initio quantum code
FDMNES in units of Mbarn (1 Mbarn = 10−18cm2) for different angles χ between the electric field vector and the
a− axis of the crystal [6]. It was also determined experimentally by measuring the transmission through the sample
with ionization chambers for CuO (Fig. 1b) and La2CuO4 (Fig. 1d). The main absorption edge (white line) is at
approximately 8994 eV.
Figure 1. X-ray absorption near edge structure (XANES) simulated for CuO (a) and for La2CuO4 (c) for different sample
orientations χ. Experimental data for CuO and La2CuO4 are shown in (b) and (d), respectively.
6E. Calculation of the σ → pi scattered intensity due to X-ray dichroism
The σ → pi scattered intensity due to X-ray dichroism can be calculated using experimental XANES data, which are
measured by ionization chambers before and behind the sample. Two orthogonal transmission measurements at the
sample orientations χ± pi4 are needed to calculate the σ → pi scattered intensity due to X-ray dichroism at the sample
orientation χ, which is normalized to the incident intensity Iin. The incoming electric field vector Ein is rotated by
an angle ∆χ due to dichroism in the sample, i.e. the different transmission of the electric field, t, at the sample
orientations χ± pi4 :
∆χ =
pi
4
− arctan
(
t(χ+ pi4 )
t(χ− pi4 )
)
(25)
Figure 2. The incident electric field vector Ein is rotated by an angle ∆χ due to the different transmission along the two
orthogonal axis at the sample orientations χ ± pi
4
. The outgoing electric field vector Eout is no longer purely σ − polarized,
but has now a pi − component, EDichr. (χ), which can pass the X-ray analyzer in crossed position to the polarizer. The
σ → pi scattered photons due to X-ray dichroism at the sample orientation χ, EDichr. (χ) , can be easily calculated when the
transmitted intensity at the sample orientations χ ± pi
4
, t2(χ ± pi
4
) · E20 , is measured simultaneously with ionization chambers
before and behind the sample, while the sample is rotated.
The incident electric field vector Ein is σ − polarized. The outgoing electric field vector
Eout =
[
t2(χ+
pi
4
) · E20 + t2(χ−
pi
4
) · E20
]1/2
(26)
is rotated and therefore has also a pi−polarization component, which can pass the analyzer in crossed position to the
polarizer and is measured behind the analyzer as σ → pi scattered photons EDichr.(χ). This can be calculated by
EDichr.(χ) = sin ∆χ · Eout (27)
The σ → pi scattered intensity due to dichroism, E2Dichr.(χ), is normalized to the incident intensity Iin =
(√
2E0
)2
:
IDσpi(χ) =
E2Dichr.(√
2E0
)2 (χ) = 12 sin2
[
pi
4
− arctan
(√
T+
T−
)]
· (T+ + T−) (28)
with the transmitted intensity T± = T (χ± pi4 ) = t2(χ± pi4 ).
7F. Density of states of CuO and La2CuO4
The density of states were simulated with FDMNES. z was choosen along c− axis of the crystal. For a (010)-oriented
sample and a beam along the crystal b − axis, the involved orbitals are px, pz, dxy and dyz. A comparison between
the simulation of the σ → pi scattered photons and the density of states shows, that the intensity of σ → pi scattered
photons due to dichroism is maximal for energies with a maximal difference between the density of states of px and
pz. In the other hand, the intensity of σ → pi scattered photons due to birefringence is maximal for energies where
the density of states of px and pz are equal.
Figure 3. a) Simulated intensity of the σ → pi scattered photons of CuO and b) for La2CuO4 for different angles χ between the
crystal a-axis and the electric field vector. The intensity of the σ → pi scattered photons X-ray due to dichroism b) and f), and
due to birefringence c) and g) can be attributed to differences between the density of states δ(px)− δ(pz) and δ(dxy)− δ(dyz),
respectively. The density of states of the orbitals px, pz, dxy and dyz are shown for CuO in d) and for La2CuO4 in h). Maximal
difference between the density of p− states leads to dichroism (green lines), while birefringence is maximal at energies, where
the density of states of both p−Orbitals are equal (red lines).
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